Physiologists have primarily focused on two potential explanations for heat stress in animals-the classic model of molecular stability and an alternative model of oxygen limitation. Although the classic model has widespread support, the oxygen-supply model applies to many aquatic animals and some terrestrial ones. In particular, the embryonic stage of terrestrial animals seems most susceptible to oxygen limitation because embryos acquire oxygen from the atmosphere by diffusion rather than ventilation. We report experiments confirming the two conditions of the oxygen-supply model in Japanese quail embryos, Coturnix coturnix. Hypoxia (12% O 2 ) greatly reduced the chance of survival at 47.5°C, and hyperoxia greatly improved the chance of survival at 48.5°C. This finding expands the scope of the oxygen-supply model to a terrestrial, endothermic species, suggesting that oxygen supply generally limits the heat tolerance of embryos.
Introduction
How does an animal die when its body warms too much? To date, physiologists have focused on two distinct models (reviewed by Gangloff & Telemeco [1] and Angilletta [2] ). In the classic model, which focuses on molecular stability, enzymes fail as the rise in kinetic energy disrupts their structure [3, 4] . In an alternative model, which focuses on oxygen supply to cells, enzymes fail because oxidative phosphorylation cannot meet their rising demand for ATP [5] [6] [7] . The molecular stability model explains heat tolerance in a wide range of species [8] . Comparative and experimental studies of enzymes have even identified the point mutations that confer greater heat resistance in some species [9, 10] . Conversely, the oxygen-supply model seemed to apply mainly to aquatic organisms, whose environment severely limits the supply of oxygen [11] [12] [13] . However, a recent study of embryonic lizards showed that exposure to mild hypoxia reduced survival during warming [14] . Despite being terrestrial, these embryos have a developing circulatory system, coupled with the diffusion of oxygen across a shell. If these factors determine the heat tolerance of embryos, the oxygen-supply model should apply to any oviparous species.
The oxygen-supply model requires two conditions: (i) the heat tolerance of an organism must improve as the environmental availability of oxygen increases, and (ii) the effect of hypoxia must become more severe as the body temperature of the organism increases. The second condition highlights an interaction between oxygen supply and body temperature that has not been confirmed in previous experiments on embryos. For example, Smith et al. [14] exposed lizard embryos to hypoxia and extreme temperatures but did not confirm that embryos survive hypoxia at moderate temperatures. An experiment designed to detect this interaction becomes especially critical when one considers the nonlinear effect of oxygen availability on heat tolerance. Specifically, hypoxia decreases survival at high temperature, but hyperoxia causes little or no increase in survival [13] . Thus, the evidence for the oxygen-supply model in embryos might actually be evidence of stress imposed by hypoxia alone, rather than a combination of heat and hypoxia.
Here, we report experiments confirming the two conditions of the oxygen-supply model in Japanese quail embryos, Coturnix coturnix. As with other avian embryos, Japanese quail rely on diffusion of oxygen from the atmosphere across the shell and into the capillaries of the chorioallantoic membrane, before the developing embryo can circulate this oxygen throughout the body [15] . This constraint likely makes quail embryos susceptible to oxygen shortage during warming. In support of this hypothesis, we found that hypoxic embryos died more frequently than did normoxic embryos when acutely exposed to high temperatures. Importantly, hypoxia did not reduce survival at a benign temperature. Moreover, hyperoxia drastically improved survival at high temperatures, extending the lethal limit for survival. This work confirms the oxygen-supply model in a terrestrial, endothermic species, suggesting that oxygen supply generally limits the heat tolerance of animals at the embryonic stage.
Material and methods (a) Incubation of eggs
Eggs of the Japanese quail (C. coturnix) were shipped weekly to Arizona State University from a commercial supplier (Stromberg's Chickens, Pine River, MN, USA). Prior to the experiment, eggs were kept in an incubator (DR-36VL; Percival Scientific, Perry, IA, USA) at a temperature of 37.7°C (±0.5°C) and a relative humidity of 65 ± 10% [16] . Eggs were positioned in a rack that rotated six times daily (GQF, Savannah, GA, USA). Experiments began on the ninth day of incubation, which is about halfway through development [17] . We used a heart rate monitor (Buddy, Avitronics, Cornwall, UK) and an LED light (LC-90, Anker Innovations, Shenzhen, Guangdong, China) to confirm that embryos were alive.
(b) Effects of hypoxia and hyperoxia
We quantified the effects of atmospheric oxygen on heat tolerance through two experiments. In the first experiment, embryos were randomly assigned to a treatment of atmospheric oxygen and air temperature: (i) hypoxia (12% and 37.7°C; n = 38), (ii) heat (21% and 47.5°C; n = 58) and (iii) hypoxia and heat (12% and 47.5°C; n = 58). In the second experiment, embryos were randomly assigned to a treatment of normoxia (21%; n = 70) or hyperoxia (31%; n = 66) and a greater stress of 48.5°C. Because we obtained eggs in weekly batches of 20-30, each experiment was conducted in temporal blocks. Approximately equal numbers of eggs were assigned to treatments in each block.
To create hypoxia or hyperoxia, each egg was placed in a glass jar (125 ml) inside a glovebox (41 × 76 × 58 cm). The atmosphere of the box was maintained at the desired concentration of oxygen by an electronic controller (ROXY-1; Sable Systems International, Las Vegas, NV, USA). Embryos exposed to normoxia were placed in similar jars under the ambient concentration of oxygen (≈21%). After 15 min, the lids of all jars were sealed to maintain the difference in atmospheric oxygen between groups. Embryos were exposed to thermal treatments for 1 h by submerging the glass jars in a water bath (Model 89202-994, VWR, Radnor, PA, USA). The temperature was monitored using a thermocouple (Type K; Extech Instruments, Nashua, NH, USA) sealed in an empty jar. The air inside this jar reached the treatment temperature within 10 min. Because the mean mass of eggs was 11.65 g (s.d. = 1.68 g), the temperature of each egg must have lagged behind the temperature of the air. However, eggs at each oxygen treatment would have experienced a similar series of body temperatures in a given thermal treatment.
After the trial, all eggs were removed from the jars and placed on a heart rate monitor to determine whether they had survived. Eggs were then incubated at 37.7°C and normoxia for 24 h, after which survival was confirmed by monitoring heart rate again and dissecting each egg.
(c) Statistical modelling
To model the probability of survival, we fit generalized linear models to our binomial data with the R Statistical Software [18] . The effect of the temporal block was modelled as a random factor, using the lme4 library [19] . Following Burnham & Anderson [20] , we used multi-model averaging to estimate the most likely values of means. The MuMIn library [21] was used to fit all possible models and calculate the likelihood of each model given the data (table 1) . Finally, the expected probability of survival was computed from the weighted average values of parameters.
Results and discussion
The atmospheric concentration of oxygen greatly affected the heat tolerance of Japanese quail embryos. Approximately 83% of embryos survived when exposed to 47.5°C and normoxia, whereas only 24% survived when exposed to the same temperature and hypoxia (figure 1a). This effect must have resulted from the combination of hypoxia and high temperature, because all embryos survived when exposed to hypoxia at the optimal temperature of 37.7°C. These effect sizes were based on a statistical model with a likelihood greater than 99% (table 1). The magnitude of the oxygen effect meets or exceeds the combined effects of local adaptation and thermal acclimation observed in studies of model organisms (reviewed by Hoffmann et al. [23] ). For Table 1 . A model of embryonic survival that includes the effect of treatment more than a hundred times more likely than a null model. All models included an intercept and an error term associated with the experimental trial. For each model, we report the number of parameters (k), the log likelihood, Akaike information criterion (AIC) and the Akaike weight (w), which is the probability that the model describes the data better than other models. Given that hypoxia greatly reduced the heat tolerance of quail embryos, we should expect hyperoxia to improve heat tolerance. To date, support for the oxygen-supply model has come mainly from the negative effects of hypoxia on heat tolerance [1, 13] . By contrast, only 2 of 19 studies reviewed by Verberk et al. [13] found a positive effect of hyperoxia on heat tolerance. These studies [24, 25] focused on aquatic insects, using relatively high levels of hyperoxia (36% and 60% O 2 ). However, similar effects have been observed in fish, molluscs and amphipods [26] [27] [28] .
Recent studies of reptilian embryos revealed little or no effect of hyperoxia on the lethal temperature [14, 29] . Arguably, embryos are incapable of using an elevated supply of oxygen, because their bodies did not evolve a capacity to bind and transport more oxygen than was available in a normoxic environment (but see [30] ). Besides the energetic cost of maintaining a respiratory system with excess capacity, the potential toxicity of oxygen may select against a system designed to supply more oxygen than cells need [31, 32] . This argument relies on Taylor et al.'s model of symmorphosis [33] , in which structural design evolves to match functional demand. Support for symmorphosis of the cardiorespiratory system has been mixed; hyperoxia increased the aerobic scope of some aquatic animals [13] but not that of others [34] . If quail embryos enjoy a greater aerobic capacity under hyperoxia, they should have had a greater chance of surviving extreme heat when exposed to hyperoxia. Accordingly, we observed a much larger effect of hyperoxia on heat tolerance than anticipated from previous research (figure 1b). Acute exposure to hyperoxia enabled 71% of quail embryos to survive at a more extreme temperature than we used in our hypoxia experiment (48.5°C instead of 47.5°C); at normoxia, only 44% of embryos survived this extreme heat. A statistical model including oxygen as a factor was 92% likely to explain the data better than a null model (table 1) . Therefore, even under normoxic conditions, an embryo's ability to acquire oxygen limits its ability to survive high temperatures. This observation calls into question the generality of symmorphosis in cardiovascular design and bolsters support for the oxygen-supply model derived from the negative effect of hypoxia.
Our experiments established the conditions required by the oxygen-supply model. Embryos were more likely to survive a high temperature when exposed to greater concentrations of oxygen. At the same time, we ruled out a direct effect of oxygen concentration on survival, because all embryos survived hypoxia at a benign temperature. Given this compelling evidence for oxygen limitation in embryonic birds, combined with previous evidence of oxygen limitation in embryonic lizards [14] and turtles [29] , we suspect that all oviparous amniotes face a similar constraint on heat tolerance. If so, the oxygen-supply model has important implications for the geographical distribution of terrestrial animals [35] . Until now, researchers have focused on the ecological implications of the oxygen-supply model for aquatic systems [7, 36] , which will undergo more frequent or more intense bouts of hypoxia. However, climate warming has forced many species to disperse to higher altitudes [37] , where the partial pressure of oxygen declines with decreasing air pressure. Depending on the diffusivity of oxygen in soil [38] , embryos at higher altitudes could experience a lower supply of oxygen. This constraint, combined with the greater solar radiation at a higher altitude, could cause embryos to overheat despite a lower air temperature. When modelling geographical ranges in changing climates [39] [40] [41] , researchers should consider how body temperature and oxygen supply interact to limit the survival of embryos. Yet, current ecological models ignore ways that oxygen supply shapes the thermal niches and the geographical ranges of terrestrial species [42] . Competing interests. We declare we have no competing interests. 
